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Recent  Results  and  Current  Status: 


Our  research  work  focusses  on  two  projects  with  ultracold  atoms  in  optical  lattices.  One  is 
carried  out  on  an  existing  experiment  and  the  other  one  is  carried  out  on  a  completely  new 
experimental  apparatus. 

Project  part  I: 

Multiparticle  Entanglement  of  Ultracold  Atoms  in  Optical  Lattices 

The  first  part  of  our  research  project  is  on  the  generation  of  robust  multiparticle  entanglement 
in  optical  lattices  with  low  decoherence  rates.  These  entangled  states  can  be  used  e.g.  as  a 
resource  for  quantum  information  processing  and  improved  atom  interferometers.  Important 
results  such  as  the  detection  of  high  order  tunnelling  processes  and  superexchange  interac¬ 
tions  have  been  realized. 

The  setup  uses  a  superlattice  system  consisting  of  two  different  laser  wavelengths.  Technical 
problems  with  the  superlattice  laser  system  have  delayed  work  on  this  project,  as  we  had  to 
wait  for  a  repair  from  the  manufacturer  (NP  Photonics,  Tucson,  USA).  The  repaired  system  is 
currently  fully  operational  again  in  the  laboratory  and  we  expect  to  resume  work  on  the  pro¬ 
ject  during  the  next  weeks.  While  waiting  for  the  laser  repair,  we  explored  a  novel  technique 
to  use  ultracold  atoms  in  a  Mott  insulating  state  as  a  medium  for  quantum  storage  of  light. 
The  goal  is  to  transfer  quantum  states  from  light  field  to  atomic  spin  waves  in  the  lattice  and 
back  onto  light  fields. 

During  the  first  year  the  following  steps  have  been  achieved  (see  detailed  description  of  the 
first  points  in  the  interim  report): 

•  Setup  of  a  superlattice  system  and  Loading  of  atoms  in  the  superlattice  potential 

This  setup  uses  two  lasers  at  765  nm  and  1530  nm.  Superimposing  two  standing  waves 
with  these  wavelengths  creates  an  array  of  double  well  potentials.  Shifting  the  relative 
phase  of  the  two  laser  beams  forming  the  double  well  potential,  can  dynamically 
change  the  double  well  potential.  In  this  way,  pattern  loading  of  the  atoms  can  be 
achieved,  such  as  e.g.  the  deterministic  loading  of  two  atoms  in  each  left  potential  of 
the  double  well. 
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Fig.  1:  Schematics  of  double- well  generation, 
loading  and  detection  sequences,  a)  Superim¬ 
posing  two  optical  lattice  potentials  differing 
in  period  by  a  factor  of  two  creates  an  array  of 
double- well  potentials,  b)  Preparation  se¬ 
quence.  An  initially  large  well  is  split  into  a 
biased  double  well  potential  such  that  each  left 
well  is  populated.  The  bias  is  then  removed 
and  the  central  barrier  lowered  to  initiate  the 
tunnelling  dynamics. 
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Spin  changing  collisions  in  optical  superlattices  and  preparation  of  antiferrO' 
magnetic  ordering 


Using  spin  changing  collisions  we  could  prepare  spin  triplet  pairs  of  the  form 
l+l;-l)+l-l;+l)/V2,  where  the  two  magnetic  sublevels  lmF  =  ±l)correspond  to  the  two 
spin  states  If)  and  I  j)).  Using  a  magnetic  field  gradient  and  a  controlled  ramping  of  the 
double  well  lattice,  we  could  prepare  an  antiferromagnetic  order  with  a  very  high  fi¬ 
delity  of  99%  along  the  axis  of  the  superlattice.  The  mean  population-  and  spin  imbal¬ 
ance  of  the  ensemble  of  double  wells  was  detected  by  applying  a  mapping  technique 
combined  with  a  Stern-Gerlach  filter. 
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Fig.  2.  Preparation  of  an  antiferro- 
magnetically  ordered  state:  A)  Spin 
triplet  pairs  are  created  on  doubly 
occupied  lattice  sites  and  subse¬ 
quently  split  under  the  influence  of 
a  magnetic  field  gradient  B'  to 
obtain  antiferromagnetic  Neel 
order.  B)  Detection  of  the  popula¬ 
tion  and  spin  imbalance.  The  popu¬ 
lation  of  the  left  well  is  transferred 
to  a  higher  vibrational  level  of  the 
underlying  long-lattice  well.  Sub¬ 
sequent  band  mapping  and  a  Stern- 
Gerlach  filter  allows  to  determine 
the  population-  and  spin  imbalance 
of  the  two  potential  wells. 


Detection  of  high  order  tunnelling  processes 

In  the  regime  of  strong  repulsive  interactions,  two  atoms  located  on  one  side  of  the 
barrier  tunnel  together  as  a  pair  in  a  second-order  co-tunnelling  process.  Second-order 
tunnelling  events  are  the  dominating  dynamical  effects  in  the  strongly  interacting  re¬ 
gime  have  not  been  previously  observed  with  ultracold  atoms.  By  recording  the  atom 
position  and  phase  coherence  over  time,  we  fully  characterized  the  tunnelling  process 
for  a  single  atom  as  well  as  the  correlated  dynamics  of  a  pair  of  atoms  for  weak  and 
strong  interactions. 
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Fig.  3:  Tunnelling  dynamics. 
Full  dynamical  tunnelling  evolu¬ 
tion  for  single  atoms  and  atom 
pairs  in  the  weakly  (a,  b)  and 
strongly  (c,  d)  interacting  regime 
after  initially  preparing  all  parti¬ 
cles  localized  on  the  left  side  of 
the  double  well.  The  black  dots 
denote  the  single- atom  position 
signal.  The  red  dots  show  the 
atom-pair  signal,  d)  For  strong 
interactions,  first-order  tunnelling 
is  suppressed.  The  main  dynami- 


cal  process  is  pair  tunnelling. 


Detection  of  superexchange  interactions 

We  also  measured  coherent  superexchange-mediated  spin  dynamics  after  preparing  the 
atoms  in  an  antiferromagnetically  ordered  state  (see  above),  By  dynamically  modify¬ 
ing  the  potential  bias  between  neighboring  lattice  sites,  the  magnitude  and  sign  of  the 
superexchange  interaction  could  be  controlled.  These  quantum  mechanical  superex¬ 
change  interactions  are  of  great  importance  in  other  systems  since  they  form  the  basis 
of  quantum  magnetism  in  strongly  correlated  electronic  media. 
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Fig.  4:  Spin  and  population  dynamics  in  symmetric 
double  wells.  The  time  evolution  of  the  mean  spin 
(blue  circles)  and  population  imbalance  (brown 
circles)  are  shown  for  three  barrier  depths  within 
the  double- well  potential:  for  different  values  of 
lattice  depth  and  tunnel  coupling  strength.  The 
measured  traces  for  the  spin  imbalance  are  fitted 
with  the  sum  of  two  damped  sine  waves  (blue 
lines).  The  population  imbalance  stays  flat  for  all 
traces. 


Electromagneticallay  induced  transparency  and  light  storage  in  a  Mott  insulator 

Electromagnetically  induced  transparency  is  a  quantum  effect  that  allows  an  incoming 
light  pulse  to  be  converted  into  a  stationary  superposition  of  internal  states  and  back 
into  a  light  pulse.  In  the  past,  this  effect  has  successfully  been  used  to  map  quantum 
states  of  light  onto  cold  atomic  ensembles.  However  in  atomic  ensembles,  the  light 
storage  times  usually  do  not  exceed  a  few  milliseconds.  Atoms  in  a  Mott  insulator 
(MI)  state  in  a  deep  3d  optical  lattice  with  unity  filling  experience  no  diffusion  and  no 
collisional  interaction. 


We  could  experimentally  demonstrate  electromagnetically  induced  transparency  and 
light  storage  with  ultracold  rubidium  atoms  in  a  Mott  insulating  state.We  have  ob¬ 
served  light  storage  times  of  more  than  200  ms,  to  our  knowledge  the  longest  ever 
achieved  in  ultracold  atomic  samples. 


Fig.  5:  Light  storage,  (a)  Intensity  of  coupling  (probe) 
beams,  recorded  on  a  photodiode  before  (after)  the 
atomic  sample  during  a  light  storage  experiment  with 
3  ps  storage  time  in  a  thermal  cloud,  (b)  Retrieved 
pulses  for  storage  times  of  t  =  1  ms,  200  ms,  400  ms 
(from  top  to  bottom)  in  a  Mott  insulator,  (c)  Retrieved 
pulse  energy  as  a  function  of  t.  The  line  is  an  expo¬ 
nential  fit  with  decay  time  T  =  238(20)  ms. 


Controlled  manipulation  of  atomic  spin  states 

The  small  dephasing  observed  in  a  Mott  insulating  state  makes  the  system  suitable  for 
the  controlled  manipulation  of  the  atomic  spin  states  and  thereby  processing  of  the 
stored  light  pulse.  In  this  context  we  demonstrated  that  light  pulses  could  first  be 
stored  in  the  Mott  insulator,  the  atomic  spin  excitation  then  manipulated  and  subse¬ 
quently  mapped  back  effciently  into  a  directional  emitted  pulse  of  light.  As  an  exam¬ 
ple  of  such  a  spin-wave  manipulation,  we  imprint  a  “phase  gradient"  across  the  atomic 
sample  using  a  spatially  varying  differential  light  shift  of  the  two  ground  state  levels. 
This  spatial  phase  gradient  results  in  a  controlled  change  of  direction  of  the  restored 
pulse. 
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Fig.  6:  Angular  deflection  of  a  stored  light  pulse,  (a) 
The  deflected  light  pulse  is  detected  with  an  EMCCD 
camera,  (b)  A  detuned  laser  beam  with  a  spatially 
varying  intensity  profile  across  the  atoms  creates  a 
spatial  phase  gradient  via  the  differential  light  shift, 
(c)  Row  sums  of  the  CCD  images  from  the  detected 
light  pulse  for  different  interaction  times.  Each  curve 
is  averaged  over  5  runs  and  the  background  due  to  the 
coupling  beam  is  subtracted,  (d)  Deflection  angle  as  a 
function  of  the  interaction  time  with  the  gradient 
beam.  The  blue  line  is  a  linear  fit. 
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The  next  immediate  steps  will  consist  in: 


•  Creation  and  validation  of  singlet  Bell  pairs  for  massive  creation  of  entangled  states 

•  Preparation  of  entangled  states  in  ID  coupled  ladder  systems 

•  Continue  research  on  the  light  storage  and  EIT.  Use  of  the  retrieved  light  pulses  to 
probe  dephasing  and  spin  structure  in  the  lattice. 
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Project  part  II: 


Spatial  Addressability  of  Ultracold  Atoms  in  Optical  Lattices 

This  part  of  the  proposal  deals  with  the  individual  detection  and  addressing  of  single  sites  in 
an  optical  lattice.  Single  site  resolution  will  be  obtained  with  a  specially  designed  high  resolu¬ 
tion  optical  imaging  system.  This  project  is  new  and  required  the  construction  of  a  new  ex¬ 
perimental  apparatus.  The  first  year  of  the  funding  period  was  devoted  to  construction  of  the 
apparatus  and  the  laser  system.  We  carried  out  preliminary  experiments  on  laser  cooling  the 
atoms  in  a  preliminary  vacuum  chamber. 


•  Construction  and  setup  of  a  new  vacuum  chamber 

We  have  found  that  the  existing  vacuum  chamber  was  not  really  adapted  to  the  re¬ 
quirements  of  the  experiment.  First,  we  could  not  reach  the  required  low  vacuum  pres¬ 
sure  which  lead  to  a  significant  reduction  of  the  lifetimes  of  the  atoms  in  the  magneto¬ 
optical  and  magnetic  traps.  For  this  reason,  it  was  impossible  up  to  now  to  cool  the 
atoms  to  very  low  temperatures  to  reach  the  Bose-Einstein  condensation.  A  second 
problem  of  the  old  setup  was  that  the  glass  windows  were  too  much  deformed  which 
would  make  it  impossible  to  detect  the  atoms  with  the  ultrahigh  resolution  imaging 
system. 


Fig.  7:  Photograph  of  the  new  vacuum  chamber. 
The  chamber  is  made  of  special  non-magnetic 
stainless  steel  and  contains  a  deformation-free 
window  through  which  the  high  resolution  imag¬ 
ing  of  the  atoms  will  be  performed. 


The  new  chamber  was  built  in  the  second  half  of  the  year  2008.  Similar  to  the  old 
chamber,  the  new  vacuum  chamber  consists  of  two  separate  chambers.  One  part  is 
used  to  create  a  two-dimensional  magneto-optical  trap  as  a  source  of  cold  rubidium  at¬ 
oms.  This  part  has  a  high  rubidium  background  pressure  to  maximise  the  atomic  flux. 
The  second  part  is  the  main  chamber,  in  which  the  real  experiment  takes  place.  The 
two  parts  are  interconnected  with  a  small  tube  to  maintain  a  pressure  difference.  Using 
a  combination  of  different  pumping  techniques  (ion  pumps,  titanium  sublimator,  non- 
evaporable  getters)  we  could  reach  a  pressure  of  approx.  2xl0'u  mbar  in  the  main 
chamber,  which  is  one  order  of  magnitude  better  than  in  the  old  chamber. 

When  assembling  the  chamber,  we  also  managed  to  mound  the  critical  glass  window 
with  only  deformations  that  are  small  enough  to  guarantee  a  good  image  quality.  The 
deformations  were  measured  during  the  assembly  and  after  bakeout  of  the  chamber 
with  a  small  mobile  Fizeau  interferometer. 


Reconstruction  and  improvement  of  the  double  MOT  system 


In  our  apparatus,  we  use  a  system  consisting  of  two  magneto  optical  traps  (MOTs).  A 
2D-MOT  serves  as  a  beam  source  for  cold  rubidium  atoms,  which  are  captured  and 
cooled  further  in  a  3D-MOT.  The  laser  system  used  for  this  purpose  consists  of  diode 
lasers  and  tapered  amplifiers  with  computer  controlled  frequency  and  amplitudes  over 
wide  tuning  ranges.  We  improved  the  beam  source  of  preliminary  setup  by  adding  two 
cooling  beams  along  the  axis  of  the  2D-MOT.  This  improved  the  efficiency  of  the  2D- 
MOT  by  more  than  a  factor  to  about  2xl09  atoms/sec  captured  in  the  3D-MOT. 


2D  magneto-optical  trap 


Fig.  7.  Schematic  of  the  new 
vacuum  chamber.  A  2D  magneto¬ 
optical  trap  (MOT)  acts  as  a  source 
of  cold  atom,  which  are  recaptured 
in  the  3D  MOT.  Using  an  optical 
dipole  trap  these  atoms  shall  be 
transported  to  the  experimental 
region,  where  the  optical  lattices 
and  the  high  resolution  imaging 
system  will  be  located. 


experimental 

region 


3D  MOT 


Magnetic  trapping  and  evaporation 

We  initially  planned  to  realize  a  Bose-Einstein  condensate  in  an  all-optical  trap  con¬ 
sisting  of  a  compressible  crossed  optical  dipole  trap  (see  interim  report).  Although  we 
successfully  trapped  and  cooled  atoms  in  that  device,  we  found  that  the  dipole  trap 
setup  was  not  reliable  enough  and  that  we  could  not  efficiently  cool  enough  atoms  to 
quantum  degeneracy.  We  therefore  decided  to  use  a  magnetic  trap  instead.  For  this 
purpose  we  developed  and  designed  new  water  cooled  magnetic  coils  which  can  sus¬ 
tain  high  continuous  currents  of  up  to  50A.  With  these  coils  we  could  build  magnetic 
traps  with  field  gradients  of  more  that  100  G/cm.  We  could  transfer  more  than  3xl09 
atoms  into  the  magnetic  trap  and  cool  them  using  evaporation  via  microwave  fields. 


Setup  of  the  optical  lattice  system 

In  parallel  to  the  ongoing  work  on  the  experiment,  we  are  setting  up  the  laser  system, 
optics  and  optomechanics  for  the  optical  lattices  in  a  neighbouring  lab.  As  a  laser  we 
use  a  Yb  fiber  laser  at  1064  nm.  The  design  of  the  mechanical  parts  (breadboards  etc) 
was  especially  optimized  to  minimize  vibrations.  All  of  the  axes  of  the  three  dimen- 


sional  optical  lattice  can  be  superimposed  by  an  imaging  beam  and  beams  for  the  opti¬ 
cal  molasses  at  wavelengths  of  780  nm  and  420  nm. 


The  next  immediate  steps  will  consist  in: 

•  Integration  of  an  optical  dipole  trap.  We  will  try  to  reach  a  Bose  Einstein  Condensate 
in  a  hybrid  trap  consisting  of  the  magnetic  trap  and  a  dipole  trap. 

•  Integration  of  the  prepared  optical  lattice  setup  into  the  experiment.  Transport  of  the 
atoms  with  the  dipole  trap  to  region  where  the  optical  lattice  and  the  actual  experiment 
is  located. 

•  Test  and  assembly  of  the  high  resolution  imaging  optics.  The  high  resolution  imaging 
optics  has  to  be  accurately  positioned  with  respect  to  the  vacuum  window.  For  this 
purpose  a  special  micropositioning  system  has  to  be  developed.  The  imaging  system 
has  to  be  assembled  and  characterized  using  test  targets. 
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